In this study, we demonstrated that the 40-kDa outer membrane protein of Porphyromonas gingivalis (40-kDa OMP) nasally administered with a nontoxic chimeric adjuvant that combines the A subunit of mutant cholera toxin E112K with the pentameric B subunit of heat-labile enterotoxin from enterotoxigenic Escherichia coli (mCTA/LTB) elicited a long-term protective immune response. Immunization with the 40-kDa OMP and mCTA/LTB induced high levels of 40-kDa-OMP-specific immunoglobulin G (IgG) and IgA antibodies (Abs) in sera and elicited a significant IgA anti-40-kDa OMP Ab response in saliva. These Ab responses were maintained for at least 1 year after the immunization. Although using adjuvant mCTA/LTB gave Ab responses in the saliva comparable to those obtained using native cholera toxin (nCT) as the adjuvant, the levels of total IgE and 40-kDa-OMP-specific IgE Abs as well as interleukin-4 levels induced by the immunization with mCTA/LTB were lower than those induced by the immunization with nCT. Importantly, IgG Abs generated by nasal immunization with the 40-kDa OMP plus mCTA/LTB inhibited the coaggregation and hemagglutinin activities of P. gingivalis. Furthermore, the mice given nasal 40-kDa OMP plus mCTA/LTB showed a significant reduction of alveolar bone loss caused by oral infection with P. gingivalis even 1 year after the immunization compared to the loss in unimmunized mice. Because mCTA/LTB is nontoxic, nasally administered 40-kDa OMP together with mCTA/LTB should be an effective and safe mucosal vaccine against P. gingivalis infection in humans and may be an important tool for the prevention of chronic periodontitis.
Chronic periodontitis is a common oral inflammatory disease that causes the breakdown of periodontal tissue, including the resorption of alveolar bone, and as a consequence, tooth loss (8) . Furthermore, recent studies have suggested that chronic periodontitis influences systemic conditions such as cardiovascular diseases, diabetes, and osteoporosis (5, 10, 19, 28, 39, 41, 45) . Hence, the prevention of periodontitis is important for both oral and systemic health.
Porphyromonas gingivalis, a gram-negative anaerobic bacterium, has been shown previously to be one of the major pathogens in chronic periodontitis. The colonization of gingival tissues by this bacterium is considered to be the first step in the pathogenic process of periodontal disease resulting in tissue destruction (24, 37) . Molecules such as fimbriae, hemagglutinins, aggregation factors, and lipopolysaccharides responsible for colonization have been identified previously as virulence factors (24, 37 ). An outer membrane protein having a molecular mass of 40 kDa produced by P. gingivalis (40-kDa OMP) is a key virulence factor involved in the coaggregation activity of P. gingivalis (23) . Furthermore, this OMP has been shown previously to be a hemin-binding protein (49) . The 40-kDa OMP resides both on the cell surface and in extracellular vesicles and is found on many strains of P. gingivalis (1, 22, 23, 47) .
Previous studies have demonstrated that monoclonal antibodies (Abs) against the 40-kDa OMP provide an inhibitory effect on the coaggregation activity of P. gingivalis and possess complement-mediated bactericidal activity against P. gingivalis (23, 25, 46) . Furthermore, human monoclonal Abs against the 40-kDa OMP provide protection against bone loss caused by P. gingivalis in rats (21) . These studies suggest that the induction of 40-kDa-OMP-specific Abs in the oral mucosa is a logical approach for the prevention of P. gingivalis infection.
Cholera toxin (CT) and heat-labile enterotoxin (LT) from enterotoxigenic Escherichia coli are structurally similar, and both toxins act as adjuvants for the enhancement of mucosal and systemic Ab responses to coadministered protein antigen (Ag) given by mucosal routes (51, 58) . Indeed, one of our previous studies demonstrated that the nasal administration of the 40-kDa OMP plus CT elicits 40-kDa-OMP-specific secretory immunoglobulin A (IgA) Abs in the saliva, as well as IgG Abs in serum, that inhibit the coaggregation activity of P. gingivalis (43) . However, though the combination of the 40-kDa OMP with the adjuvant CT was shown to be effective, CT and LT cause severe diarrhea and thus are unsuitable for use in humans. Hence, nontoxic mutant derivatives of CT or LT have been generated previously for the development of safe adjuvants (9, 11, 13, 15, 18, 35).
We generated mutant CTs (mCTs) by replacing a single amino acid in the ADP-ribosyltransferase active center of the A subunit. These newly created mCTs (S61F and E112K) do not induce enzymatic activity and cyclic AMP formation but still retain adjuvanticity (59, 60) . Furthermore, we constructed a novel nontoxic chimeric mucosal adjuvant that combines the nontoxic A subunit of mCT E112K with the pentameric B subunit of LT from enterotoxigenic E. coli (mCTA/LTB). Interestingly, mCTA/LTB acts as a mucosal adjuvant and provides effective support for protective Ab responses against bacterial toxins and influenza virus infection (33) .
In this study, we assessed the potential of a combined intranasal vaccine, the 40-kDa OMP with mCTA/LTB, to prevent oral infection with P. gingivalis. The results suggest that nasal 40-kDa OMP plus mCTA/LTB is a practical and effective vaccine candidate for the induction of protective immunity against alveolar bone loss caused by P. gingivalis infection. (32) . After blocking of the plates with 3% BSA in PBS, serial dilutions of serum samples were added and the plates were incubated for 4 h at room temperature. Following extensive washing, 40-kDa OMP that had been biotinylated by using a biotin-labeling kit (Boehringer Ingelheim) was added. After the plates were incubated overnight at 4°C, peroxidase-labeled antibiotin monoclonal Abs (Vector Laboratories, Burlingame, CA) were added. After the plates were washed, the color reaction was developed with 3,3Ј,5,5Ј-tetramethyl-benzidine (Moss) and stopped with 0.5 N HCl. End point titers of 40-kDa-OMP-specific IgE were expressed as the log 2 reciprocal as described above.
Analysis of IL-4 response in 40-kDa-OMP-specific CD4 ؉ T cells. CD4 ϩ T cells from spleens were purified using a magnet-activated cell sorter system (Miltenyi Biotec, Auburn, CA), as described elsewhere (56) . Purified CD4 ϩ T cells (2.5 ϫ 10 6 cells/ml) were cultured with 2 g of the 40-kDa OMP/ml in the presence of T-cell-depleted, mitomycin-treated splenic feeder cells (2.5 ϫ 10 6 cells) in RPMI 1640 medium (GIBCO BRL, Rockville, MD) containing 10% fetal bovine serum, 50 M 2-mercaptoethanol, 15 mM HEPES, 2 mM L-glutamine, 100 U of penicillin/ml, 100 g of streptomycin/ml, and 10 U of recombinant IL-2 (Genzyme, Cambridge, MA)/ml. Cultures were incubated for 5 days at 37°C under 5% CO 2 in air. Levels of interleukin-4 (IL-4) in culture supernatants were determined by an IL-4-specific ELISA, as described previously (53) . Briefly, 96-well plates (Nunc) were coated with a monoclonal anti-IL-4 Ab (BD Biosciences). After the plates were blocked with PBS containing 1% BSA, samples were added to duplicate wells and the plates were incubated overnight at 4°C. Wells were washed and incubated with biotinylated monoclonal anti-IL-4 Ab (BD Biosciences). After incubation, horseradish peroxidase-labeled antibiotin Ab (Vector Laboratories) was added and the reaction was developed with 3,3Ј,5,5Ј-tetramethyl-benzidine (Moss) and stopped with 0.5 N HCl. Standard curves were generated using mouse recombinant IL-4 (Endogen, Boston, MA).
Coaggregation assay. IgG Abs in sera from immunized mice were purified using a HiTrap protein G HP column (Amersham Biosciences, Piscataway, MJ). P. gingivalis 381 and Streptococcus gordonii Challis were grown in a brain heart infusion (BBL Microbiology Systems, Cockeysville, MD) containing yeast extract (0.25%), hemin (10 g/ml), and vitamin K (1 g/ml). Bacterial cells were incubated at 37°C in an anaerobic chamber containing N 2 (80%), H 2 (10%), and CO 2 (10%). Coaggregation was determined by the visual assay method, as described previously (14, 36) . Briefly, P. gingivalis 381 cells (approximately 10 10 cells/ml) were preincubated with purified IgG Abs at 37°C for 1 h. A P. gingivalis suspension (100 l) was then mixed with an equal volume of an S. gordonii suspension (approximately 10 10 cells/ml) on the flocculation slide. This mixture was subsequently incubated at 37°C for 10 min with rotation.
Hemagglutination assay. The hemagglutinating activity of P. gingivalis was assayed as described previously (50) by using mice erythrocytes. Briefly, P. gingivalis 381 cells were preincubated with purified IgG Abs at 37°C for 1 h. Fifty microliters of a P. gingivalis cell suspension (0.5 g) in PBS was transferred into microtiter wells, and 50 l of 1% mice erythrocytes was added. After incubation for 1 h at 37°C with humidity, the hemagglutinating activity of P. gingivalis was observed.
Oral infection. Mice were orally infected with P. gingivalis as described previously (3, 17, 34) with minor modifications. Briefly, mice were given sulfamethoxazole-trimethoprim (Sulfatrim; Goldline Laboratories, Ft. Lauderdale, FL) at 10 ml per pint in deionized water ad libitum for 10 days. This treatment was followed by a 3-day antibiotic-free period. Mice were then given 10 9 CFU of P. gingivalis suspended in 100 l of PBS with 2% carboxymethylcellulose via oral topical application over 3 weeks for a total 15 inoculations. Control groups included mock-infected mice, which received the antibiotic pretreatment and carboxymethylcellulose without P. gingivalis. Forty-seven days after the first gavage, mice were euthanized using CO 2 .
Measurement of alveolar bone loss. Horizontal bone loss around the maxillary molars was assessed by a morphometric method as described previously (29) . Briefly, skulls were unfleshed after 10 min of treatment in boiling water under pressure of 15 lb/in 2 , immersed overnight in 3% hydrogen peroxide, pulsed for 1 min in bleach, and stained with 1% methylene blue. The distance from the cementoenamel junction to the alveolar bone crest was measured at a total of 14 buccal sites per mouse. Measurements were made under a dissecting microscope (magnification, ϫ50) fitted with a video image marker measurement system (VHX-100; KEYENCE, Osaka, Japan) standardized to give measurements in micrometers. Bone measurements were performed a total of three times by two evaluators using a random and blind protocol.
Statistics. Data are expressed as means Ϯ standard errors (SE) and were compared using an unpaired Student t test.
RESULTS
Nasal 40-kDa OMP with mCTA/LTB elicits long-term Ab responses. In the initial study, we sought to determine whether the nasal administration of the 40-kDa OMP with mCTA/LTB as a mucosal adjuvant could induce a 40-kDa-OMP-specific Ab response. Mice nasally immunized with the 40-kDa OMP plus mCTA/LTB showed significant 40-kDa-OMP-specific IgG and IgA Ab responses in sera that were comparable to those induced by the 40-kDa OMP plus nCT (Fig. 1) . In contrast, only low levels of IgG Abs were induced after immunization with the 40-kDa OMP alone (Fig. 1A) . In addition, the nasal administration of the 40-kDa OMP alone failed to elicit a 40-kDa-OMP-specific IgA Ab response detectable in the starting serum dilution (log 2 of 5) used in these experiments. Importantly, the serum IgG and IgA Ab responses induced by the 40-kDa OMP plus mCTA/LTB or nCT persisted for more than 1 year (Fig. 1) .
Nasal 40-kDa OMP plus mCTA/LTB induced high levels of 40-kDa-OMP-specific IgA Abs in saliva, and these Abs were maintained for more than 1 year, although the responses gradually decreased from day 28 (Fig. 2) . In contrast, no such IgA Ab response was detected in mice given the 40-kDa OMP alone (IgA Ab titers, Ͻlog 2 of 2). These serum IgG and IgA 
40-kDa-OMP-specific IL-4 and IgE Ab responses.
Because mCTA/LTB given nasally has been shown previously to induce a weaker IgE Ab response than nCT (33) , it is important to examine the IgE Ab response induced by the 40-kDa OMP together with mCTA/LTB. As may be expected, nasal immunization with the 40-kDa OMP plus nCT induced high-level total and 40-kDa-OMP-specific IgE Ab responses. In contrast, significantly lower levels of total and 40-kDa-OMP-specific IgE Abs in mice given the 40-kDa OMP plus mCTA/LTB than in mice given the 40-kDa OMP plus nCT were noted (Fig. 3A and  B ). An analysis of the IL-4 response confirmed the IgE Ab titers and showed that CD4 ϩ T cells from the spleens of mice immunized with the 40-kDa OMP plus mCTA/LTB, when restimulated with the 40-kDa OMP in vitro, produced significantly lower levels of IL-4 than those from mice immunized with the 40-kDa OMP plus nCT (Fig. 3B) . These findings show that levels of 40-kDa-OMP-specific IL-4 and the subsequent IgE Ab response induced by the 40-kDa OMP plus mCTA/ LTB were much lower than those evoked by the 40-kDa OMP plus nCT.
Nasally induced 40-kDa-OMP-specific IgG inhibits the coaggregation and hemagglutinin activities of P. gingivalis. We next determined whether the Abs induced by nasally administered 40-kDa OMP plus mCTA/LTB were capable of inhibiting the coaggregation and hemagglutinin activities of P. gingivalis. A flocculation slide assay showed that the coaggregation activity of P. gingivalis cells with S. gordonii cells was inhibited by IgG Abs from mice given the 40-kDa OMP plus mCTA/ LTB in a dose-dependent manner. In contrast, IgG from mice given the 40-kDa OMP alone showed marginal effects against the coaggregation activity of P. gingivalis (Fig. 4A ).
In the next study, the inhibitory effects of Abs induced by the 40-kDa OMP plus mCTA/LTB on the hemagglutinin activity of P. gingivalis were determined. IgG Abs purified from mice immunized with the 40-kDa OMP plus mCTA/LTB significantly inhibited the hemagglutinating activity of P. gingivalis in a dose-dependent manner. In contrast, although IgG from mice given the 40-kDa OMP alone showed some inhibition, the effects were much weaker than those of IgG from mice given the 40-kDa OMP with mCTA/LTB. As expected, IgG from unimmunized mice failed to inhibit the hemagglutinating activity of P. gingivalis (Fig. 4B) .
Nasal 40-kDa OMP plus mCTA/LTB reduces alveolar bone loss caused by oral infection with P. gingivalis. As nasal 40-kDa OMP plus mCTA/LTB elicited long-term Ag-specific Ab responses in sera and saliva, we sought to determine whether these Abs were capable of suppressing bone resorption caused by oral infection with P. gingivalis. Thus, mice given the 40-kDa OMP plus mCTA/LTB or the 40-kDa OMP alone were infected orally with P. gingivalis 381 7 days or 1 year after immunization. Mice immunized with the 40-kDa OMP plus mCTA/LTB showed a significant reduction in alveolar bone loss caused by P. gingivalis infection 7 days after immunization compared to the loss in unimmunized mice (Fig. 5A and C) . Furthermore, the Ag-specific Ab response induced by nasal 40-kDa OMP plus mCTA/LTB provided significant protection and reduced bone loss caused by P. gingivalis infection, even at 1 year after immunization (Fig. 5B and D) . In contrast, mice immunized with the 40-kDa OMP alone did not exhibit reduced bone loss caused by P. gingivalis infection compared to that in unimmunized mice (Fig. 5) . These findings indicate that nasal immunization with the 40-kDa OMP plus mCTA/LTB provides long-term protection against oral infection with P. gingivalis.
DISCUSSION
In this study, we demonstrated that the nasal administration of the 40-kDa OMP together with mCTA/LTB induced longterm 40-kDa-OMP-specific IgG and IgA in sera, as well as salivary IgA Abs, that persisted for more than 1 year. Furthermore, these mucosally induced IgG Abs inhibited the coaggre-
FIG. 3. Total IgE Ab levels (A), 40-kDa-OMP-specific IgE Ab titers (B), and IL-4 levels in splenic CD4
ϩ T cells (C). Groups of mice were nasally immunized with the 40-kDa OMP plus mCTA/LTB or the 40-kDa OMP plus nCT as described in the legend to Fig. 1 . Seven days after the final immunization, serum samples were collected and assessed for total and 40-kDa-OMP-specific IgE Abs. For the measurement of IL-4 production, CD4
ϩ T cells obtained from the spleens of immunized mice were restimulated with the 40-kDa OMP. Culture supernatants were harvested, and the levels of secreted cytokines were assessed by a cytokine-specific ELISA. Results are expressed as the means Ϯ SE for four mice per group and a total of three experiments. ‫,ء‬ P Ͻ 0.05 compared with results for mice given the 40-kDa OMP plus nCT. gation and hemagglutinin activities of P. gingivalis. Importantly, mice given the 40-kDa OMP plus mCTA/LTB were significantly protected against alveolar bone loss caused by oral infection with P. gingivalis, even 1 year after immunization. In the infection study, bone loss measured 1 year after immunization was greater than that measured 7 days after immunization, even in the absence of infection. In this regard, several studies have demonstrated a positive correlation between aging and alveolar bone loss (2, 4, 40) . Another study using senescence-accelerated mice has demonstrated that alveolar bone loss is gradually increased with advancing age, although the mice do not develop chronic periodontitis (48) . Thus, bone loss in the aged mice may be related to the aging process and to functional changes in tooth movement associated with aging. Taken together, these findings indicate that the 40-kDa OMP is an effective Ag for the induction of protective immune responses against P. gingivalis infection; however, mucosal immunization with the 40-kDa OMP alone induced only low levels of IgG anti-40-kDa OMP Abs in sera. IgA Abs were not detected in either serum or saliva samples. Indeed, the 40-kDa OMP without an adjuvant is a weak immunogen when given via the nasal route (43) . Our previous studies have demonstrated that transcutaneous administration of the 40-kDa OMP without an adjuvant elicits a substantial IgG but not IgA Ab response in the sera and saliva of mice (36) and rats (30) . However, transcutaneous immunization with the 40-kDa OMP alone failed to provide protection against bone loss caused by oral infection with P. gingivalis (unpublished observation). The findings of these studies together with our results in the present study indicate that mucosal adjuvants such as mCTA/LTB are required for the induction of the protective immune responses against oral infection with P. gingivalis when the 40-kDa OMP is given by mucosal routes. CT and LT have been used widely as adjuvants for mucosal immunization, and our results indicate that the nasal administration of nCT with the 40-kDa OMP has an adjuvant effect and induces 40-kDa-OMP-specific mucosal IgA, as well as IgG and IgA Abs in serum (43) . However, despite these beneficial attributes, CT and LT are unsuitable for use in humans because they cause severe diarrhea (51) . To establish molecules that are nontoxic but retain adjuvant activity, several groups, including ours, have developed nontoxic mutant derivatives of CT or LT that may be suitable for use in humans (9, 11-13, 15, 18, 35, 44, 60) . We previously showed that mCTA/LTB does not induce increases in intracellular cyclic AMP and fails to elicit fluid accumulation in ligated ileal loops (33) . Furthermore, the nasal administration of an influenza vaccine together with the adjuvant mCTA/LTB elicits significant Ag-specific IgG and IgA Abs in the lung and provides complete protection against mucosal infection with influenza virus (33) . The results of these studies demonstrate that mCTA/LTB is an effective adjuvant for nasal immunization and that, when given with the 40-kDa OMP, it facilitates the development of a long-term protective Ab response to the 40-kDa OMP. These results are the first to show that a nontoxic chimeric molecule combining the E112K mCTA and LTB induces a long-term protective Ab response to coadministered 40-kDa OMP in both serum and mucosal secretions.
As a mucosal adjuvant, CT given via mucosal routes induces Th2 cells that secrete high levels of IL-4 (55, 57, 58) ; however, the IL-4 cytokine provides a helper signal for the induction of IgE Abs that may cause anaphylactic reactions (27, 38) . In this regard, our previous study demonstrated that biased Th1 and Th2 responses depend on the presence of the LT B subunit or the CT B subunit and that the CTA/LTB chimera, similar to LT, induces a gamma interferon-and IL-4-independent Th2 response while the chimera comprising the LT A subunit and the CT B subunit, similar to CT, elicits high-level IL-4 production along with an IgE Ab response (6) . These results suggest that the B subunits of enterotoxins regulate T helper responses and that mCTA/LTB induces a low-level IL-4 response with subsequently reduced IgE Abs compared to those induced by the LT A subunit/CT B subunit chimera. Indeed, in a previous study, the nasal administration of tetanus toxoid together with chimeric mCTA/LTB induced a marginal IgE Ab response (33) . The results of this study also showed that nasal 40-kDa OMP plus mCTA/LTB induced significantly weaker 40-kDa-OMP-specific IL-4 and IgE Ab responses than the 40-kDa OMP plus nCT. Taken together with the present results, these data suggest that the mCTA/LTB chimera has the beneficial features of both enterotoxins and avoids the danger of allergic reactions provoked by IgE Abs. The immunization protocol used in this study was designed to induce a significant 40-kDa-OMP-specific Ab response in the oral cavity. We selected nasal administration as the delivery route because of its successful record (6, 9, 12, 13, 18, 43, (56) (57) (58) (59) . However, nasally administered CT accumulates in the olfactory nerves and epithelial regions via GM-1 ganglioside (54) . When used as a mucosal adjuvant, CT can influence the trafficking of coadministered protein Ag into these neuronal tissues (54) . These findings raise some concerns about nasal administration and the potential threat posed by GM-1-binding molecules targeting neural tissues, including the central nervous system. However, another study has demonstrated that the deposition of CT in the olfactory tissues does not lead to obvious pathological changes in the brain after nasal administration (20) . Although the exact effects of a nasally administered enterotoxin adjuvant on the central nervous system remain uncertain, a previous study has demonstrated that, unlike nCT, mCTA/LTB does not influence the trafficking of coadministered protein into the olfactory nerves and epithelium or into olfactory bulbs while mCTA/LTB itself accumulates in olfactory central nervous system regions (31) . Taken together, these results suggest that mCTA/LTB is a more promising mucosal adjuvant than nCT.
The present results indicated that 40-kDa-OMP-specific IgG Abs inhibited the coaggregation and hemagglutinin activities of P. gingivalis. In this regard, it is known that immune responses in the oral cavity are derived from both the mucosal and systemic immune systems. The salivary glands, part of the mucosal immune system, are known to produce secretory IgA Abs in saliva. On the other hand, serum-derived IgG Ab-rich crevicular fluid, which continuously flows from the gingival capillaries, is part of the systemic immune system (7). Because P. gingivalis colonizes subgingival and supragingival biofilms (16, 31, 52) , the generation of serum-derived IgG Abs in crevicular fluid, in addition to the IgA Ab response in saliva, may be effective in preventing P. gingivalis colonization.
In summary, this study has provided evidence that the nasal administration of the 40-kDa OMP together with nontoxic mCTA/LTB elicits 40-kDa-OMP-specific IgG and IgA in serum, as well as mucosal IgA Ab responses in saliva. These Ab responses persisted for more than 1 year after immunization. Moreover, 40-kDa-OMP-specific immune responses induced by the 40-kDa OMP plus mCTA/LTB provided protective immunity against alveolar bone loss caused by P. gingivalis infection. These findings suggest that nasally administered 40-kDa OMP with mCTA/LTB effectively elicits protective levels of Abs against the 40-kDa OMP and should therefore be considered as a candidate vaccine to immunize humans against P. gingivalis infection.
